Abstract We have previously shown that high expression levels of the lipid kinase sphingosine kinase-1 (SphK1) correlate with poor survival of glioblastoma (GBM) patients. In this study we examined the regulation of SphK1 expression by epidermal growth factor receptor (EGFR) signaling in GBM cells. As the EGFR gene is often overexpressed and mutated in GBM, and EGFR has been shown to regulate SphK1 in some cell types, we examined the effect of EGF signaling and the constitutively active EGFRvIII mutant on SphK1 in GBM cells. Treatment of glioma cell lines with EGF led to increased expression and activity of SphK1. Expression of EGFRvIII in glioma cells also activated and induced SphK1. In addition, siRNA to SphK1 partially inhibited EGFRvIII-induced growth and survival of glioma cells as well as ERK MAP kinase activation. To further evaluate the connection between EGFR and SphK1 in GBM we examined primary neurosphere cells isolated from fresh human GBM tissue. The GBM-derived neurosphere cell line GBM9, which forms GBM-like tumors intracranially in nude mice, maintained expression of EGFRvIII in culture and had high levels of SphK1 activity. EGFR inhibitors modestly decreased SphK1 activity and proliferation of GBM9 cells. More extensive blockage of SphK1 activity by a SphK inhibitor, potently blocked cell proliferation and induced apoptotic cell death of GBM9 cells. Thus, SphK1 activity is necessary for survival of GBM-derived neurosphere cells, and EGFRvIII partially utilizes SphK1 to further enhance cell proliferation.
Introduction
Glioblastoma multiforme (GBM) tumors are the most common type of primary brain tumor occurring in adult patients. Despite advances in treatment, GBM patients have a median life span of 12-15 months after diagnosis and a 5-year survival rate of 3% [1, 2] . The effectiveness of treatments including surgery, radiation and chemotherapy is limited due to the high proliferative potential and intrinsic resistance of glioma cells to therapy, as well as the diffusely infiltrating nature of the lesion [3] . Thus, the prognosis for patients remains poor, and a better understanding of the mechanisms regulating the malignant behavior of glioma cells is needed in order to develop effective targeted therapies for these tumors.
We have been investigating the role of the signaling pathway mediated by the lipid sphingosine-1-phosphate (S1P) in regulating malignant behavior of GBM cells. S1P is a bioactive lipid that signals through a set of five G protein-coupled receptors to regulate cell proliferation, survival, motility and differentiation [4] . We have previously shown that high expression levels of the enzyme that generates S1P, sphingosine kinase-1 (SphK1) correlate with an approximately three fold reduced median survival time of GBM patients, suggesting that production of S1P by SphK1 drives malignant behavior of GBM cells [5] . We have also shown that S1P signaling through its receptors can stimulate both proliferation and invasiveness of GBM cells [6] . However, the mechanisms regulating SphK1 expression and activity in GBM cells are largely unknown.
Epidermal growth factor (EGF) plays a critical role in tumorigenesis, and the expression of its receptor (EGFR) correlates with poor patient outlook in several types of cancers [7] [8] [9] . In malignant gliomas, EGFR overexpression can be found in 40-50% of patients [10, 11] . Mutations in the EGFR gene are found in many types of tumors and deletions in the extracellular domain are the most frequent. The EGFR mutant EGFRvIII, is the most common truncated receptor mutant in GBM [12, 13] . It has a prevalence of 20-30% in GBM patients and 50-60% of patients whose tumors show amplification of the normal EGFR. This mutant has a deletion of 267 amino acids in the extracellular domain, and is unable to bind any known EGFR ligand [14] . EGFRvIII has a constitutive tyrosine kinase activity which leads to constitutive activation of signaling pathways downstream of the EGFR [12] .
Growth factors, including EGF, have been shown to stimulate SphK1 in several cell types [15] . However, little is known regarding the role of SphK1 downstream of EGFR in GBM cells, and no studies have examined the effect of the mutant EGFRvIII on SphK1. In this study we investigate the regulation of SphK1 in GBM cells by EGFR and the role of SphK1 in mediating proliferation and survival of GBM cells, in particular in GBM cells expressing the EGFRvIII mutant. Furthermore, we extend these observations to GBM-derived neurosphere cells [16, 17] . These cells represent a more appropriate model of GBM than traditional human glioma cell lines that have been cultured in serum-containing medium, as they are capable of reforming tumors in mouse models that resemble the original GBM both histologically and genetically, even upon serial transplantation [16] [17] [18] , while traditional cell lines form tumors that do not resemble GBM histologically and are often not invasive. Our results show that EGFRvIII increases the expression and activity of SphK1, leading to an increase in the proliferation rate of GBM cells. SphK1 or EGFR inhibition results in a decrease of proliferation and cell survival. Thus, SphK1 could be useful as a target for the design of drugs for the treatment of GBM.
Materials and methods

Materials
Antibodies to pERK, ERK2, EGFR, and GAPDH were from Santa Cruz Biotechnology. Antibodies to pAkt, Akt1 and pEGFR were from Cell Signaling Technology. Antibodies to SphK1 were previously described [19] . Cycloheximide and AG1478 were from Sigma. Gefitinib was from LC Laboratories. Doxycycline was from BD Biosciences. EGF was from R&D Systems. Cell culture medium was from Mediatech.
Cell culture U-251 and U-1242 cell lines used in this study were maintained in Eagle's minimum essential medium (EMEM) containing 10% fetal bovine serum, non-essential amino acids and sodium pyruvate. The cells were grown at 37°C in 95% air, 5% CO 2 and cultures were passaged approximately once per week at a ratio of 1:12. U-251-EGFRvIII-inducible E18 cells [20] were a generous gift of Dr. Amyn Habib of the University of Texas Southwestern Medical Center, and were cultured in EMEM with FBS as described above with the addition of 50 lg/ml zeocin.
All GBM neurosphere cells were cultured from fresh human GBM tissue obtained following surgical resection of tumors at OSU Medical Center. Tissue was cut into small pieces, and then passed several times through an 18 gauge needle and then a 21 gauge needle to achieve a single cell suspension. Cells were cultured in DMEM/F12 containing B27 without vitamin A (Invitrogen), and 20 ng/ml each of EGF and bFGF (R&D Systems). Primary spheres formed in 2-4 weeks. When spheres reached a moderate size they were passaged by trituration with a 21 gauge needle and split at a ratio of 1:4.
Sphingosine kinase assay
Sphingosine kinase activity was measured as described [21] with minor modifications. Briefly, cells were scraped or resuspended into sphingosine kinase buffer (100 mM Tris, pH 7.4, 20% glycerol, 10 mM MgCl 2 , 1 mM b-mercaptoethanol, 1 mM EDTA, 10 lg/ml leupeptin and aprotinin, 1 mM phenylmethylsulfonylfluoride (PMSF), 15 mM NaF, 1 mM sodium orthovanadate, 40 mM b-glycerophosphate, and 0.5 mM deoxypyridoxine) and lysed by freeze/thawing seven times. Equal amounts of protein were assayed in the presence of 50 lM sphingosine and 1 mM ATP containing 10 lCi [c- 32 P]ATP for 1 h at 37°C. Labeled S1P was separated by thin layer chromatography (TLC) on Silica gel G60 plates with CHCl 3 /Acetone/MeOH/Acetic Acid/water (10/4/3/2/1), and visualized by autoradiography. Radioactive spots were scraped from TLC plates and quantified by scintillation counting.
Western blotting
Cells were washed and lysed in 25 mM HEPES (pH 7.5), 150 mM NaCl, 1 mM EDTA, 1% Triton X-100, 0.1% sodium dodecylsulfate (SDS), 0.5 mM DTT, 0.5% deoxycholate, 20 mM b-glycerophosphate, 1 mM sodium orthovanadate, 1 mM PMSF, and 10 lg/ml each of aprotinin and leupeptin. Equal amounts of protein were separated by SDS-PAGE before being transferred to nitrocellulose membranes. Membranes were blocked for 1 h at room temperature in PBS ? 0.1% Tween-20 (PBS-T) containing 5% (w/v) non-fat dry milk. Membranes were probed overnight with primary antibodies and washed 3 times with PBS-T for 5, 10 and 15 min, followed by incubation for 1 h at room temperature with 1:2,000 horseradish peroxidaseconjugated secondary antibodies (ECM Biosciences) in blocking solution. Membranes were washed as above, followed by incubation in Pierce Super Signal West Pico chemiluminescent substrate.
For densitometry, scanned images were analyzed using LabWorks (UVP BioImaging Systems). Briefly, a monochrome image of the scanned film was created and lanes were outlined. The software locates the bands in the image and the absolute integrated optical density (IOD), i.e. the volume of the band in the lane profile, is obtained. For all western blots, two images were analyzed: loading control (GAPDH or total ERK or Akt for phospho-ERK or phospho-Akt respectively) and the protein of interest. The ratio, protein of interest/ loading control of each lane was calculated.
Cell proliferation U251-E18 cells were plated in 24 well plates and the following day transfected with 3 pmol per well control siRNA (Ambion, negative control siRNA #2) or SphK1-specific siRNA using Lipofectamine 2000 (Invitrogen) according to manufacturer's instructions. SphK1-specific siRNA sequences were as follows: siSK1-A GGCTGAAATCTCC TTCACG; siSK1-B AAGGATGGGAAAGGTGTGTTT. Four days later cells were trypsinized and counted using a Coulter Z2 particle analyzer. Neurosphere cells were plated in 24 well plates, treated and at the indicated times collected. Cells were passed several times through a 21 gauge needle and counted using a Coulter Z2 particle analyzer or a hemocytometer.
MTT cell proliferation assay MTT reduction assay was performed using the MTT cell proliferation assay kit from Cayman Chemical. Cells were plated in a 96-well plate at a density of 4 9 10 3 cells/well in 100 ll of culture medium with or without 1 lg/ml of SphK1 inhibitor. Three hours before the indicated time, 10 ll of MTT reagent was added to each well and incubated at 37°C in a CO 2 environment. At the indicated times, the media was aspirated and 100 ll of crystal dissolving solution was added to each well. The absorbance was measured at 570 nm using a BMG LabTech Omega plate reader. 0 . Real time PCR analysis for SphK1 was performed as previously described [5] .
Cell viability
Cell viability was measured by trypan blue exclusion. Briefly, cells were plated and at the indicated times, collected. Cells were passed several times through a 21 gauge needle and 20 ll of the cell suspension were diluted with an equal volume of 0.4% Trypan blue. Cells were counted using a hemocytometer. The percentage of viable cells was calculated as follows: the number of viable cells divided by the total number of cells (viable plus dead), multiplied by 100.
SphK1 promoter reporter assay
The SphK1 promoter luciferase reporter construct in pGL3 [23] was a generous gift of Dr. Lina Obeid of the Medical University of South Carolina. Cells were transfected in 100 mm dishes using Lipofectamine 2000. After 6 h incubation cells were trypsinized and replated in 12 well plates. The following day cells were serum starved for 24 h and then stimulated with or without 20 ng/ml EGF for the indicated time. Cells were lysed and luciferase activity was measured using the Promega Luciferase Assay System according to manufacturer's instructions.
Tumor formation
Neurospheres were disrupted by trituration. Cells were washed three times in PBS and resuspended at a concentration of 66,000 cells/ll. Female athymic mice (nu/nu genotype, 5-6 weeks, Harlan Laboratories) were anesthetized by an intraperitoneal injection of a mixture consisting of Ketamine (10 mg/ml) and Xylazine (1 mg/ml) in PBS and fitted into a stereotactic rodent frame (David Kopf Instruments, Tujunga, CA). A small incision was made just lateral to the midline and bregma exposed. A small (1.0 mm) burr hole was drilled with a #7 drill bit at AP = ?1, ML = -2.5 from bregma. A 10 ll Hamilton syringe was filled with 3 ll of the cell suspension. The syringe was lined up with the drilled hole and cells were slowly deposited at a rate of 1 ll/min in the right caudate nucleus at a depth of -3 mm from dura, for a total of 2 9 10 5 cells/mouse. After injecting the cells the needle remained in place for an additional 3 min before being slowly withdrawn. The incision was sutured closed using 4-0 vicryl with an rb-1 needle.
Annexin V-APC assay Annexin V staining was performed using Annexin V-APC and the apoptosis detection kit I (BD Biosciences) according to manufacturer's instructions. Briefly, 2 9 10 5 cells were plated and treated for the indicated times with 1 lg/ml of SphK inhibitor. Cells were collected and wash twice with cold PBS, then resuspended in 100 ll of 19 binding buffer. Annexin V (5 ll) was added and incubated for 15 min at room temperature in the dark. Cells were plated on slides and analyzed by microscopy. Total number of cells and cells positive for Annexin V staining were counted and percentage was calculated.
Results
Regulation of SphK1 by EGF receptor signaling in glioma cells
It is well known that EGF plays an important role in the progression of several human cancers, including gliomas [24] . Therefore, we analyzed whether EGF treatment induced SphK1 activation in two human glioma cell lines. Eight hours of EGF (20 ng/ml) treatment increased SphK1 activity by approximately 2-fold in U-251 cells (p \ 0.001) and 4-fold in U-1242 cells (p \ 0.005) relative to control (Fig. 1a) . Both U-1242 and U-251 cells expressed EGFR protein which showed activation, as detected by phospho-EGFR western blots, at 15 min EGF stimulation similarly in both cell lines (Fig. 1b) .
We next determined whether the increased SphK activity was due to elevated SphK1 expression. SphK1 protein as detected by Western analysis was increased after 8 h stimulation with EGF in both cell lines (Fig. 1c) . Densitometric scanning showed that the extent of the increase in SphK1 protein expression was similar to the increase in SphK activity at 8 h EGF treatment, approximately 2.5 fold in U-251 cells and 5 fold in U-1242. Real time PCR analysis revealed that SphK1 mRNA levels were slightly increased 3 h after EGF stimulation and had increased *4 fold by 5 h (p \ 0.005) (Fig. 1d) . Interestingly cycloheximide (CHX) pretreatment to block protein synthesis did not inhibit the increase in SphK1 mRNA at 3 h (p \ 0.02), but did block the stronger induction seen at 5 h.
To further examine the mechanism of induction of SphK1 expression by EGF in glioma cells we performed reporter assays using a construct containing the human SphK1 promoter linked to a luciferase gene. U-251 cells transfected with a vector encoding luciferase but lacking the SphK1 promoter (pGL3-basic) displayed only very modest luciferase activity which was not affected by EGF treatment (Fig. 1e) . Transfection with the SphK1-promoter luciferase vector (pGL3-SK1) led to a strong basal luciferase activity. EGF treatment for 1 h only modestly enhanced promoter activity (p \ 0.05) with no additional increase seen up to 5 h. Additional experiments examining promoter activity up to 8 h after EGF stimulation did not show any further increase (data not shown).
Taken together the above data suggest that there is a modest immediate early response of SphK1 induction in response to EGF which is mediated through activation of the SphK1 promoter, and a later, more pronounced, delayed response induction which is mediated by an indirect mechanism.
Regulation of SphK1 by EGFRvIII in glioma cells
EGFRvIII is a common mutation occurring in GBM [12, 25] . To determine the effect of this mutation on SphK1 activity we used U-251-E18 cells, which are stably transfected with an EGFRvIII expression construct in a TET-on inducible expression system [20] . EGFRvIII is overexpressed in these cells in doxycycline (dox)-containing medium but not in medium without dox [20] . Treatment with 10 ng/ml dox potently induced expression of a protein reacting with EGFR antibodies and migrating at the expected molecular weight of EGFRvIII in U-251-E18 but not in parental U-251 cells (Fig. 2a) . Furthermore, the EGFRvIII expressed in dox-treated U-251-E18 cells was active as indicated by Western analysis with an antibody specific for tyrosine-phosphorylated EGFR.
While dox treatment had a slight effect on SphK activity in parental U-251 cells it much more potently induced increased SphK activity in U-251-E18 cells (p \ 0.005) (Fig. 2b) . SphK1 expression was increased by dox treatment on both the mRNA (p \ 0.02) (Fig. 2c ) and protein level (Fig. 2d ) in U-251-E18 cells but not in parental U-251 cells. Figure 2e shows that, in the absence of dox, EGF treatment of U-251-E18 cells increases SphK1 activity (p \ 0.05), consistent with the expression of endogenous wt-EGFR expression in these cells (Fig. 2a) and with the results of Fig. 1a . However, when U-251-E18 cells are treated with dox to induce EGFRvIII expression, SphK1 activity increases more dramatically, independently of EGF (p \ 0.05), in agreement with the robust induction and high level of tyrosine phosphorylation of the EGFRvIII (Fig. 2a) . Together these results indicate that overexpression of EGFRvIII induces SphK1 expression and thus an increase in activity.
We next wished to determine the role of SphK1 induction in the biological responses of glioma cells to EGFRvIII. We thus examined the effect of EGFRvIII on cell proliferation in the absence and presence of SphK1 knockdown by RNA interference. U251-E18 cells were transfected with control siRNA or two different SphK1-specific siRNAs that knocked down dox-induced SphK1 expression to approximately control levels (Fig. 3a) . Cell proliferation was examined in medium containing charcoal-stripped, delipidated serum (CS-FBS) to avoid effects of S1P normally present in FBS. In these conditions, mock and control siRNA-transfected U-251-E18 cells demonstrated an approximately two fold increase in cell number after 4 days of dox treatment (Fig. 3b) . Dox treatment of parental U-251 cells did not stimulate proliferation (data not shown). Dox-induced accumulation of U-251-E18 was partially inhibited by knockdown of SphK1 with either of the two siRNAs (p \ 0.05) (Fig. 3b) . To further examine U-251-E18 cell proliferation MTT assays were performed. Figure 3c shows that dox stimulated proliferation after 1 day treatment. After 3 days dox treatment U-251-E18 cell proliferation had returned to basal levels. This slowing of proliferation at later times is commonly seen in these experiments and is likely due to cells becoming over confluent quickly due to enhanced proliferation early in the assay, as it often occurs faster in dox-treated wells. Transfection with SphK1-specific siRNA blocked dox-induced proliferation of U-251-E18 cells at 1 day (p \ 0.05) while proliferation of cells in the absence of dox was unaffected. Three days following siRNA transfection the number of metabolically active cells as determined by MTT assay is dramatically decreased by SphK1-specific siRNA in both the absence (p \ 0.005) and presence (p \ 0.002) of dox, suggesting that SphK1 knock down causes an initial decrease in EGFRvIII-induced proliferation, followed by cell death at later times.
To assess the role of S1P downstream of SphK1 in EGFRvIII-induced glioma cell proliferation, we next examined the effect of SphK1 knockdown in the presence or absence of added exogenous S1P. As above, in the absence of exogenous S1P dox enhanced proliferation of U-251-E18 cells and SphK1 knockdown decreased the dox-induced effect. While addition of 1 lM exogenous S1P was without effect, 10 lM exogenous S1P eliminated the decrease in doxycycline-induced proliferation caused by SphK1 siRNA (Fig. 3d) .
To examine the mechanism by which SphK1 contributes to EGFRvIII-induced effects on glioma cells, we examined changes in activation of key signaling molecules. Figure 3e shows that SphK1 knock down by siRNA partially inhibited dox-induced activation of ERK in U-251-E18 cells, but did not affect Akt activation. Densitometric quantitation showed a 34% decrease of dox-induced phospho-ERK in SphK1 siRNA-transfected cells compared to control siRNA-transfected cells (Fig. 3f) . Thus, SphK1 partially contributes to EGFRvIII regulation of glioma cell growth by enhancing activation of ERK signaling.
EGFRvIII and SphK1 in primary brain tumor neurosphere cells
As discussed above, the use of traditional glioma cell lines grown in serum-containing medium, such as U-251, has drawbacks in that the tumors formed by such cells do not histologically resemble GBM. In addition, such cell lines Role of SphK1 in EGFRvIII-mediated glioma cell proliferation. U-251-E18 cells were transfected with control random sequence siRNA (con) or two different siRNAs specific to SphK1 (A and B) and grown for 2 days in the absence or presence of 10 ng/ml dox. a Cell lysates were immunoblotted for SphK1. b Cell number was determined after 3 days in culture. c Cell proliferation was examined by MTT assay. d Cells were transfected with control or SphK1-specific siRNA and grown for 3 days in the absence or presence of dox and the indicated concentration of S1P. The * indicate statistically significant difference of SphK1-specific siRNA-transfected cells from control siRNA transfected cells, p \ 0.05. e U-251-E18 cells were transfected with control siRNA or SphK1-specific siRNA and grown for 1 day in the absence or presence of dox. Duplicate cell lysates were immunoblotted for phosphorylated ERK or Akt, after which blots were stripped and reblotted for total ERK or Akt. [17] . To evaluate whether our neurosphere cells express the elements of the SphK pathway we isolated total RNA and RT-PCR was performed using primers specific for SphK1, SphK2 and S1P receptors 1, 2, and 3, which are commonly expressed in human GBM tissue [5] . Figure 4a shows a representative result from one neurosphere cell line, GBM9. Both SphK isoforms and all three S1P receptors examined are expressed in GBM9 cells. Similar results were seen for two additional neurosphere lines examined (data not shown). We then evaluated the expression of EGFR and EGFRvIII by Western blot and RT-PCR analysis using primers specific for the EGFRvIII mutant. Figure 4b shows that one neurosphere line, GBM9, expresses a large amount of a protein that reacts with an EGFR-specific antibody and migrates at approximately 140 kDa, the expected size of the EGFRvIII mutant. The other two neurosphere lines examined, GBM44 and GBM45, expressed a moderate amount of protein migrating at 170 kDa, consistent with the wt-EGFR. RT-PCR analysis using primers specific for the mutational junction found in the EGFRvIII deletion confirmed expression of the EGFRvIII in GBM9 cells. We have examined EGFRvIII in GBM9 cells after 15 passages and have not detected any loss of expression. Thus, our neurosphere lines are capable of maintaining EGFRvIII expression for at least 15 passages. Interestingly the same line, GBM9, also expressed the highest level of SphK1 activity (Fig. 4c) . In addition, EGF treatment of GBM44 cells, which express wt-EGFR but not EGFRvIII, enhanced SphK1 activity (p \ 0.05) (Fig. 4d) . Thus, EGFR signaling also activates SphK1 in GBM neurosphere cells.
To further validate these cells as an appropriate model of GBM, we injected GBM9 cells into the brains of nude mice. Mice were sacrificed when they began to show signs of neurological deficit and brains were dissected. All mice injected intracranially developed tumors (Fig. 4e ). Tumors were examined by a board certified neuropathologist (ARC). All tumors were highly cellular neoplasms displaying cellular pleomorphism, diffuse invasion into surrounding brain tissue, focal areas of necrosis (black arrows), and numerous mitotic figures (yellow arrow), and were thus diagnosed as GBM. Taken together, GBM9 cells maintain expression of EGFRvIII in culture and create GBM-like tumors in vivo, and are thus an excellent model in which to study the role of EGFRvIII in GBM.
Role of EGFRvIII and SphK1 in GBM neurosphere cells
We first evaluated the growth of two neurosphere lines: one that expressed the wild type EGFR (GBM44), and one that expresses the EGFRvIII mutant (GBM9). Neurospheres were disrupted and cells were plated at a low concentration and allowed to grow for 1 week. Figure 5a shows that GBM9 cells have a much higher proliferation rate than GBM44 cells, which do not express EGFRvIII, and have much lower SphK1 activity (p \ 0.05).
To examine the role of EGFRvIII in the rapid growth of GBM9 cells we utilized the selective EGFR tyrosine kinase inhibitor AG1478. AG1478 treatment of GBM9 cells effectively blocked tyrosine phosphorylation of EGFRvIII (Fig. 5b) . AG14787 treatment also significantly decreased growth of GBM9 cells as determined by MTT assay (p \ 0.001) (Fig. 5b) . To examine the possible involvement of SphK1 we also examined the effect of AG1478 on SphK1 activity in these cells. AG1478 induced a small but significant reduction of SphK1 activity (p \ 0.001) and a similar decrease in SphK1 mRNA level (Fig. 5c ).
To determine whether such a modest decrease in SphK1 activity could affect cell proliferation, we treated GBM9 cells with a SphK inhibitor [26] in a dose response fashion and measured both SphK activity and cell proliferation in parallel wells (Fig. 5d, e) . We observed an excellent correlation of SphK1 activity with cell proliferation, even at very low concentrations of SphK inhibitor, which decreased SphK activity modestly to similar levels as did AG1478. Thus, a modest inhibition of SphK activity is sufficient to decrease GBM neurosphere cell proliferation.
We confirmed the role of EGFRvIII in proliferation of GBM9 cells using the EGFR inhibitor gefitinib. Gefitinib blocked EGFR tyrosine phosphorylation and decreased proliferation of GBM9 cells (p \ 0.01 at 1 lM and p \ 0.002 at 2 lM) (Fig. 5f ). Taken together these results suggest that EGFRvIII drives enhanced proliferation of GBM9 cells and that SphK1 may partially mediate this response.
We further explored the role of SphK1 in GBM neurosphere cell proliferation and survival using the SphK inhibitor. As shown in Fig. 6a , SphK inhibition potently decreased SphK1 activity in GBM9 cells in comparison to DMSO vehicle-treated cells (p \ 0.002, at all time points), and the inhibition lasted at least 4 days. SphK inhibition also eliminated accumulation of GBM9 cells over a 4 day period as determined by cell counts (p \ 0.01, at all time points) (Fig. 6b) , and MTT analysis showed a complete inhibition of GBM9 cell proliferation by SphK inhibition (p \ 0.001, at all time points) (Fig. 6c) . Furthermore, cell viability was decreased approximately 50% by SphK inhibition throughout the course of the experiment (p \ 0.01, at all time points) (Fig. 6d) . Thus, SphK is crucial for GBM9 cell proliferation and may also be important for survival. To examine the effect of SphK inhibition on GBM9 cell survival we stained vehicle-and SphK inhibitor-treated cells with annexin-V. The percentage of annexin-V positive cells was significantly increased after 3 h treatment with SphK inhibitor (p \ 0.05) and peaked at approximately 60% annexin-V positivity after 12 h (p \ 0.001) (Fig. 6e) . Together, these results indicate that SphK1 is crucial to maintain GBM neurosphere cell survival and proliferation.
Discussion
Recent studies have linked SphK1 to cancer development and progression [27] [28] [29] . Up-regulation of SphK1 expression has been shown in several types of tumors [30] [31] [32] . In previous studies we established that high levels of SphK1 expression correlate with decreased survival of GBM patients [5] . A recent study confirmed this observation and additionally showed that SphK1 is upregulated in astrocytomas compared to adjacent non-malignant tissue and that SphK1 upregulation correlates with histological grade of astrocytomas [33] . However, the mechanisms by which glioma cells upregulate the expression of this enzyme are poorly understood.
In this paper we demonstrate that EGF signaling or expression of the constitutively active mutant receptor EGFRvIII increases SphK1 activity in glioma cell lines and in primary neurosphere cells isolated from human GBM tissue. Furthermore, both wt-EGFR and EGFRvIII signaling lead to enhanced SphK1 expression. A modest increase in SphK1 promoter activity occurred at early times after EGF stimulation and modestly increased mRNA levels also were seen at a similar time point by a mechanism that did not require protein synthesis. However, no significant increase in SphK1 activity was seen until later times. Furthermore, the later, more pronounced increase in SphK1 mRNA did require protein synthesis, indicating that this is due to an indirect mechanism. This late increase in SphK1 mRNA did not correlate with a further increase in SphK1 promoter activity. Note that interleukin-1 has been shown to induce SphK1 transcription in glioma cells, also at late times following stimulation, by activating an AP-1 element within the first intron [34] . Thus, EGFR signaling may work by a similar mechanism to cause the late, indirect induction of SphK1 expression. While EGF signaling has been previously reported to induce SphK1 expression [27, 35, 36] , this is the first demonstration of a constitutively active mutant EGFR leading to a long term increase in SphK1 expression. EGFRvIII, the most common EGFR mutant, is expressed in 31-50% of gliomas [12, 25, 37] . Experiments were performed to examine SphK1 levels after several days of EGFRvIII induction. This is relevant to the in vivo situation for GBMs expressing the EGFRvIII mutant. As this mutant is constitutively active, the biological responses mediated by it should consist of long term changes rather than acute activation of signaling pathways. Thus, the fact that increased SphK1 expression in response to EGFRvIII induction is maintained over at least several days in culture suggests that SphK1 may be important for prolonged biological effects of EGFRvIII seen in GBM.
A number of recent studies have shown that SphK1 and its product S1P interact in several ways with EGF signaling. For example, Shida and collaborators reported that in gastric cancer cells S1P transactivates EGFR and c-Met [38] , and that the lysophosphatidic acid receptor LPA 1 transactivates EGFR to induce SphK1 upregulation [39] . Furthermore, S1P signaling has been shown to induce EGFR expression in vascular smooth muscle cells, [40] , and activation of SphK1 by estrogen signaling leads to transactivation of EGFR via S1P 3 in breast cancer cells [41] . Thus, the interactions of these pathways are clearly complex and multidirectional, and the detailed mechanisms at work are likely specific to given cell types.
Examination of the levels of SphK1 expression in comparison to EGFR mutations in data from GBM cases available from The Cancer Genome Atlas (TCGA) failed to show a correlation (data not shown). Note that SphK1 expression can be stimulated downstream of a number of growth factors including EGF, PDGF, bFGF, GDNF and NGF, and by signaling through a number of common growth factor-activated signaling pathways [27, 34, [42] [43] [44] [45] . Thus it is likely that EGFRvIII signaling is only one mechanism by which SphK1 can be upregulated in GBM cells. An important lesson learned from large sequencing studies such as TCGA is that most GBM tumors have genetic alterations in some elements of several key signaling pathways including growth factor receptor signaling pathways [46, 47] . Therefore, it is possible that in tumors lacking EGFR mutations other genetic alterations that affect common growth factor signaling pathways induce SphK1 expression. Thus the fact that a correlation of SphK1 level with EGFR mutation may not be demonstrable in GBM cases, does not necessarily mean that an important connection does not exist. EGFRvIII is known to provide a growth advantage to glioblastoma cells both in vitro and in vivo by cooperating with other oncogenic signaling pathways [48, 49] . In agreement, EGFRvIII induction in U-251-E18 cells enhanced cell proliferation as determined by both cell number increase and MTT assays, while inhibition of EGFRvIII in GBM neurosphere cells, using either AG1478 or gefitinib, decreased proliferation. The increase in proliferation afforded by EGFRvIII is partially dependent upon It should be noted that although AG1478 decreased SphK1 activity to a similar extent as did 0.1-0.3 lM SphK inhibitor, it much more effectively blocked GBM9 neurosphere cell proliferation, than did these low concentrations of SphK inhibitor. This is consistent with the idea that SphK1 is only partially responsible for mediating EGFRvIII-induced proliferation, as AG1478 would be expected to block multiple EGFRvIII-activated pathways in addition to SphK1 induction.
Interestingly, the decrease in dox-induced U-251-E18 cell proliferation caused by SphK1 knockdown was overridden by a high concentration of exogenous S1P, 10 lM, but not by 1 lM S1P. In this regard, a recent study showed that 10 lM S1P is able to activate the intracellular S1P target TRAF2, while lower concentrations of S1P, which are known to activate S1P receptors, are not [50] . Thus it is possible that the contribution of S1P to GBM neurosphere cell proliferation downstream of EGFRvIII-induced SphK activation is mediated by an intracellular S1P target.
AG1478 only modestly decreased SphK1 activity, while the SphK inhibitor much more effectively blocked activity. This suggests that a significant level of basal SphK1 activity is present in GBM cells, in agreement with our data showing that the SphK1 promoter reporter complex is highly active in U-251 cells under serum starvation conditions. Thus SphK1 upregulation in response to EGFRvIII signaling adds a moderate additional amount of SphK1 activity which plays a role in EGFRvIII-enhancement of cell proliferation. On the other hand inhibition of SphK1 levels below that achieved by AG1478 with the SphK inhibitor led to decreased viability and increased annexin-V positivity indicating the induction of apoptosis. Together these data suggest that the basal SphK1 activity in these cells is necessary to maintain survival, while EGFRvIIIenhanced SphK1 activity contributes to increased growth. Thus it should be stressed that the contribution of SphK1 to EGFRvIII-driven growth of glioma cells is likely moderate. Nevertheless, as glioma is not a disease caused by a single genetic abnormality, it is likely that effective therapeutic targeting of gliomas will require drugs that target numerous pathways used simultaneously. Therefore it is useful to understand partial contributions from several pathways. Current and future work in our laboratory is aimed at determining which glioma cases will be sensitive to drugs targeting the SphK1 pathway and which drugs might provide synergistic effects in combination with SphK1-targeting drugs.
The contribution of basal SphK1 activity to glioma cell survival may be of more import particularly in regard to resistance of glioma cells to chemotherapeutic drug-induced apoptosis. Several reports have suggested that GBM-derived neurosphere cells have properties of enhanced resistance to standard therapies [51] [52] [53] . Interestingly, a number of chemotherapeutic drugs induce cancer cell apoptosis through production of the pro-apoptotic sphingolipid ceramide [54, 55] . It is well known that SphK alters the balance of the ''sphingolipid rheostat'' by increasing S1P levels while reducing ceramide levels [56] , and thus targeting SphK to enhance sensitivity of cancer cells to therapy has been proposed [57, 58] . Therefore, the fact that SphK inhibition potently decreases neurosphere cell viability and enhances apoptosis suggests that SphK1 may be an important contributor to the resistance of GBM to chemotherapy, and a useful molecule to target in these cells.
In summary, we show that SphK1 is induced by EGFR and EGFRvIII signaling in glioblastoma cells and contributes to enhanced cell proliferation. Furthermore, we show evidence that SphK1 is necessary to maintain survival of glioblastoma cells. Thus this enzyme could be useful as a potential therapeutic target to decrease excess proliferation of glioma cells and possibly to enhance the pro-apoptotic effect of other drugs.
